The morphology and physiology of diaspores play crucial roles in determining the fate of 21 seeds in unpredictable habitats. In some genera of the Brassicaceae different types of 22 diaspores can be found. Lepidium appelianum produces non-dormant seeds within 23 indehiscent fruits while in L. campestre dormant seeds are released from dehiscent fruits. 24
Introduction

44
For seed plants, fruit structures and corresponding dispersal strategies are life-history 45 traits of particular importance influencing plant fitness. The functional dispersal units 46 bearing mature seed, the diaspores, can show a high structural diversity, which influences the successful establishment of species in their respective habitat [1, 2] . In several 48 angiosperms including the Brassicaceae family, two major fruit morphs can be found in 49 various genera, namely dehiscent and indehiscent fruits. Dehiscent fruits are the most 50 common fruit morph among the Brassicaceae and are assumed to be the ancestral 51 diaspore of the family [3] . These fruits open along a predetermined dehiscence zone at 52 the pericarp upon maturity and release their seeds [4] . In contrast, in indehiscent fruits, 53 the pericarp envelopes the seeds even after dispersal, until it finally decomposes and only 54 then releases the seeds. Both fruit types are associated with different dispersal strategies, 55
i.e., dehiscent fruits may escape unfavourable conditions via long-distance dispersal [5] , 56 while indehiscent fruits may escape in time by fractional or delayed germination [6] . To 57 protect the different parts of the diaspores from natural adversaries, a highly tissue-58 specific distribution of plant defence compounds may be expected. 59
Indeed, plant defence compounds are not equally distributed within a plant but 60 qualitatively and quantitatively differ both between tissues and ontogenetic stages [7, 8] . 61
Defensive phyto-anticipins are expected to be optimally distributed to protect tissues with 62 high fitness values and a higher likelihood of being attacked with priority [9, 10], as 63 proposed by the optimal defence theory [11] . Seeds and their pericarps are metabolically 64 active, vulnerable tissues of high value. The diaspores can experience fluctuations in the 65 abiotic and biotic subterranean environment in long-term natural seed banks. Thus, it is 66 paramount to mobilise as well as to optimise the provisioning of defensive metabolites in 67 the different tissues that contribute to the diaspores according to their ontogeny and 68 anticipated exposure to natural threats. 69
Glucosinolates (GSLs) are specialised (or also called secondary) plant metabolites that 70 are specific to the order Brassicales and play an important role in defence against various 71 generalist herbivores and pathogens [12, 13] . GSLs consist of a β-D-glucose residue that 72 is connected by a sulfur atom to a (Z)-N-hydroximinosulfate ester as well as a benzenic, 73 aliphatic or indole side chain [14] . The major classes of GSLs are formed from different 74 nitriles and isothiocyanates [15] . Furthermore, enzymatic hydrolysis of indole GSLs results 77 in unstable products, which upon reacting with other metabolites can form physiologically 78 active indole compounds that might play a significant role in plant defence [16] . The 79 highest concentrations of GLSs can be found in reproductive parts such as flowers and 80 seeds [17] . A recent study revealed the allocation of different GSLs within seeds and 81 pericarps of dehiscent and indehiscent fruits of Aethionema species (Brassicaceae) [8] . 82
In these species, seeds accumulated higher GLS concentrations when ripe and 83 particularly indole GLSs differed in their distribution between seed and pericarp depending 84 on the fruit morph. However, it remained unclear whether such distribution is a general 85 pattern in these distinct fruit morphs and whether changing the dehiscence genetically 86 may affect GLS allocation. 87
The genus Lepidium L. (Brassicaceae) consists of more than 200 annual and perennial 88 species found on all continents except Antarctica and includes some obnoxious weeds 89 like the hairy white top (Lepidium appelianum Al-Shehbaz; also, known as globe-podded 90 hoary cress) and field pepper weed (Lepidium campestre (L.) W.T. Aiton) [18, 19] In this study, we aimed to investigate whether the differences in diaspores between the 103 two Lepidium species corresponds to their allocation of total and individual GSLs in 104 immature and mature seeds and pericarps. Furthermore, we explored whether the 105 that turns brown and papery and which can be easily broken to diaspores in the case of 136 dehiscent fruits. Immature fruits were collected 28 days after the beginning of flowering, 137 while mature fruits were harvested 28 days later. About 25 fruits were collected separately 138 from every individual plant (n = 7 per plant, species and transgenic line), quickly frozen in 139 liquid nitrogen, stored at -80 °C and freeze-dried for at least 36 h (Alpha 1-4 LSC, Martin 140 Christ Gefriertrocknungsanlagen GmbH, Germany). Following freeze-drying, the fruit 141 tissues (pericarp and seed) were separated manually and stored over dry silica gel until 142 GLS analysis. 143 Fruits and seeds were retrieved from the excavated seed bags by washing three times in 181 sterilised water. Twenty-five fruits or seeds (3x replicates) were placed on sterile Petri 182 dishes lined with moistened filter paper and sealed. Entire fruit enclosing the seeds of L. 183 appelianum were incubated at a temperature of 25/15 °C with 12/12 h light/dark regime 184 (light intensity = ca. 100 µmol m -2 s -1 ), while isolated seeds of L. campestre were incubated 185 at 18/12 °C with similar light conditions. Visible protrusion of the radicle was recorded after 186 28 days at the completion of germination [29] . 187 The mature infructescences profoundly differ in morphology between the two Lepidium 214 species. While mature indehiscent fruits of L. appelianum contain 1-2 seeds enclosed 215 within the bulbous papery pericarp ( Fig 1A, Fig 1B) , fruits of L. campestre dehisce upon 216 maturity to release two seeds by detaching of the two fruit valves from the replum ( Fig 1C,  217   Fig1D ). Transgenic modification of LcIND in L. campestre [24] did not alter the overall 218 morphology of the fruits but transformed them to be indehiscent via the abolition of the 219 dehiscence zone at the fruit valve margin; however, these fruits still contained two seeds 220 ( Fig 1E, Fig1F) . Table 1 ). The total GSLs concentrations did not differ significantly between immature 237 and mature pericarps of L. appelianum (Δmean = 5 µmol g -1 , ANOVA, F1,12 = 0.29, P = 238 0.60). In contrast, generally high concentrations of GSLs in immature pericarps were 239 considerably diminished on maturity in L. campestre (Δmean = -65 µmol g -1 , ANOVA, F1,12 240 = 379.32, P< 0.001) and in RNAi-LcIND L. campestre (Δmean = -79 µmol g -1 , ANOVA, F1,12 241 = 250.49, P< 0.001). The total GSL concentrations in mature seeds of all samples were 242 significantly higher than in immature seeds, with particularly high differences in L. 243 appelianum (10x), followed by mature seeds of RNAi-LcIND L. campestre (7x). 244 Table 1 ) on the effects of ontogeny (mature and immature) and tissue type (pericarp and seed) on total glucosinolate concentrations. The different GSLs were found in a distinct distribution in immature and mature pericarp 254 and seeds of the indehiscent L. appelianum fruits (Fig 3) . composition of different ontogenetic stages and tissue types in Lepidium (Fig 4) . The 274 NMDS plot of L. appelianum and L. campestre displayed clear dissimilarities between 275 GSL compositions of immature and mature pericarps and seeds except for partial overlap 276 of ordinates between mature seeds and immature pericarps in L. appelianum. However, 277
Glucosinolate extraction and analysis
Statistical analysis
RNAi-LcIND L. campestre showed a weak distinction between the GLS compositions of 278 immature pericarps and seeds but the GSL composition of the mature pericarps and 279 seeds were well resolved. 280
Permutational multivariate analysis of variance (PERMANOVA) within each species 281 revealed significant differences in GSL composition among tissue types, ontogeny and 282 their interaction (Table 2) . However, only the combined interaction between the GLS 283 composition of tissue types and ontogeny contributed more to the dissimilarities within the 284 Germination of seeds (enclosed in fruits = indehiscent) of physiologically non-dormant L. 298 appelianum [21] increased from 85% (not buried fresh seeds) to 100% after three to six 299 months of burial in the soil seed bank (Fig 5) , and then declined gradually to less than 300 50% after 12 months of burial. The enclosed seeds were also gradually decayed by partial 301 or full decomposition of pericarp leading to exposed seeds, out of which only 50% 302 remained viable at the end of burial period. Conversely, only 50% of fresh, not buried 303 seeds of physiologically dormant L. campestre germinated at the start of the seed bank 304 burial experiment, and more than 80% germination was achieved after three months of 305 burial. The germination percentage declined dramatically after nine months of burial to 306 less than 50% germination, although the buried seeds remained viable and showed very 307 little signs of decay. The natural dormancy cycle of L. campestre became evident from a 308 gradual increase in germination percentage from 15-21 months after burial (Fig. 5) . 309 310 311 312
Discussion
313
The present study demonstrated a generally high concentration of GSLs in the immature 314 pericarps irrespective of the species. Only in L. appelianum, the total GSLs remained 315 similarly high in mature pericarps (Fig 2) . These findings suggest a possible defensive 316 role of GSLs in mature pericarps for the protection of indehiscent fruits of L. appelianum. 317
In contrast, total GSL concentrations increased from immature to mature seeds in both 318 species as well as in the transgenic line. These findings are in congruence with higher 319 GSLs during seed maturation in dehiscent A. thaliana [35, 36] , rather than de novo 330 synthesis, can be explained from the analysis of GSL biosynthesis genes and 331 corresponding transcription factors in A. thaliana, which revealed that seeds were unable 332 to perform chain elongation and core biosynthesis steps of aliphatic GSLs, but were able 333 to perform all the secondary modification steps on aliphatic GSLs [37]. However, while L. 334 campestre showed a decrease in total GSL concentrations from green to mature pericarp, 335 L. appelianum showed no significant change from green to mature pericarp in the present 336 study. This does not by any means contradict the translocation hypothesis in the case of 337 L. appelianum since GSLs could have also been translocated from other plant tissues not 338 investigated in the present study. Dehiscent fruits open their pericarp upon dispersal so 339 that the individual seeds are spread. Any defensive chemical left in the pericarps would 340 mean an investment without fitness gain of the progeny, which would be in contrary to the 341 optimal defence hypothesis [11] . Our data support the optimal defence theory, which 342 states that defensive anticipins should be distributed in an optimal way to protect tissues 343 with high fitness values and a higher probability of being attacked with priority [9, 10, 38]. 344
The transgenic alteration of the dehiscence zone in RNAi-LcIND L. campestre yielded 345 fruits resembling L. campestre, except that the functional dehiscence zone was absent 346 (Fig 1) . Nevertheless, the mature seeds in the transformed genotypes showed a higher 347 increase of total GSLs compared to immature seeds than in the wild type plants. While 348 there was no significant difference between the total GSL concentrations among the 349 species, the GSL levels of L. appelianum and RNAi-LcIND L. campestre were higher than 350 those in mature L. campestre seeds (Fig. S1 ). This observation suggests a preferred 351 mobilisation of GSLs towards mature seeds than to mature pericarps according to the 352 respective protective potentials. The allocation patterns may be further evaluated by 353 overexpression of IND in L. appelianum to transform the fruit as dehiscent. Nevertheless, 354 GSL concentrations were much higher in the mature pericarp of L. appelianum than in the 355 transgenic L. campestre, suggesting that the genetic modification producing indehiscent 356 fruits only translated for the seeds to be protected more than the pericarp, a trait probably 357 acquired over a long period of natural selection of released seeds from the dehiscent fruits 358 of L. campestre [20, 24, 39] . 359
While the functional diaspores of indehiscent L. appelianum (mature seed with pericarp) 360 and dehiscent L. campestre (mature seed) are potentially optimally protected with a high 361 amount of total GSLs (Fig. 2) , only mature seeds of transgenic indehiscent L. campestre 362 were provisioned with high total GSLs but not their pericarps. However, mature pericarp 363 and seeds of L. appelianum showed a more diverse blend of GSLs than L. campestre and 364
RNAi-LcIND L. campestre, signifying the readiness of the functional diaspore (pericarp 365 with seed) against possible adversities during their stay in the seed bank (Fig 3) . 366
Moreover, the mature seeds and pericarps of L. appelianum contained an indole GSL, 367 which was not detected in seeds or pericarps of L. campestre but was present in 368 measurable concentrations in the immature tissues of RNAi-LcIND L. campestre. 369
Breakdown products of indole GSLs are known to be exceptionally potent as defensive 370 compounds [16] . Furthermore, indole GSLs are readily inducible upon damage and can 371 increase up to 20-fold (Textor and Gershenzon 2009). The plants in the present study 372 were not exposed to herbivory or pathogen damage, which may explain their rather low 373 constitutive indole GSL contents. The most common GSL, p-OHB, was detected at 374 consistently and comparatively higher concentration in mature seeds of L. appelianum 375 and RNAi-LcIND L. campestre than in L. campestre, suggesting that the accumulation of 376 this defence compound is variable between the indehiscent and the dehiscent fruits. The distinct dormancy cycling of indehiscent L. appelianum and dehiscent L. campestre 405 presumably requires different chemical defence strategies to survive in the soil seedbank. 406
The seeds of L. appelianum are non-dormant and germinate immediately after maturation 407 upon favourable conditions. In contrast, the released, dormant seeds of L. campestre 408 require 3-6 months of mandatory after-ripening before full germination potential is 409 achieved in the seedbank and tend to germinate in higher percentage in the following year 410 [22, 23], i.e., 15-21 months after burial ( Fig 5) . Therefore, L. campestre requires high 411 provisioning of defensive compounds in the seeds to survive in the seedbank to germinate 412 after this long period. On the other hand, the chemical protection provided by the papery 413 thin persistent pericarp of L. appelianum cannot be overlooked in the scenario of their 414 eventual persistence in the seedbank in the event of unfavourable conditions forcing the 415 seeds to remain non-germinated despite their readiness to germinate immediately. 416
Indeed, the unpredictable and harsh natural habitat conditions of L. appelianum in central 417 and western Asia [44] often do not assure favourable conditions, compelling the seeds to 418 remain potentially exposed to soil-inhabiting herbivores for an extended period of time. In 419 the soil, the diaspores are, for example, exposed to plant-parasitic nematodes, which feed 420 on plant roots as well as seeds [45, 46] . The nematicidal activity of GSLs and their 421 degradation products may protect plant tissues against potential nematode infestation 422
[47]. An elaborate seedbank analysis of all samples may reveal further insights into the 423 fitness effects of the differential GSL allocation in the mature diaspores, given that the 424 technical limitations barred us from testing the seedbank behaviour of L. appelianum for 425 a longer period and of RNAi-LcIND L. campestre. 426
The present study demonstrates that, although the GSL composition may differ among 427 different Brassicaceae species, an overall trend to potentially translocate GSLs from less 428 valuable tissues to the highly valuable reproductive tissue [35, 36] can be observed. 429
Moreover, the findings of this study support a potential relation between dispersal strategy 430 and GLS allocation in the different fruit morphs of Lepidium, which is also in congruence 431 with the life-strategies and the long-term seed bank persistence of the morphologically 432 and physiologically diverse Lepidium species. Ultimately, more research is needed to 433 disentangle the potential genetic relationships between fruit morphology and chemical 434 defences. 
